Previous studies with 31P nuclear magnetic resonance have demonstrated that patients with chronic congestive heart failure often exhibit increased glycolytic metabolism and impaired oxidative phosphorylation in exercising skeletal muscle, but the mechanism for these changes remains unresolved. This study was conducted to determine whether these abnormalities result from impaired blood flow or oxygen delivery. Nine patients with mild-to-moderate congestive heart failure and nine age-and size-matched, healthy control volunteers were studied during repetitive submaximal finger flexion exercise under aerobic and ischemic conditions. Skeletal muscle metabolism was assessed by 31P nuclear magnetic resonance of the flexor digitorum superficialis muscle. During steady-state aerobic exercise at 33% of each subject's predetermined maximum workload, the patients with congestive heart failure exhibited significantly lower pH values (6.65 0.22 vs. 6.97+± 0.09, p<0.002) and phosphocreatine concentrations, 0.79 + 0.08, p<0.002). Similar differences were also present throughout ischemic exercise at the same workload. Based upon these measurements, calculated lactate production and adenosine 5'-triphosphate consumption rates were significantly higher in the patients with congestive heart failure. These results indicate that in many patients with congestive heart failure exercising muscle exhibits increased glycolytic metabolism and appears to be metabolically less efficient in relation to external work performed. These changes cannot be explained by impaired blood flow or oxygen delivery alone. (Circulation 1988;78:320-326) E xercise intolerance is the cardinal symptom of chronic congestive heart failure (CHF), yet its severity correlates poorly with hemodynamic indexes of cardiac function.' 2 A growing number of studies with 31p nuclear magnetic resonance (NMR) by US3,4 and others5.6 has demon-
differs during exercise under ischemic conditions because such differences could not be explained by abnormalities of blood flow.
Subjects and Methods Subject Population
The subject population consisted of nine male patients with chronic, stable CHF and nine age-and size-matched male volunteers serving as controls, who were studied after giving written consent to a protocol approved by the Ethics Committee of the Oxfordshire Health Authority.
The patients ranged in age from 42 to 61 years (54 6 years, mean + SD) and had CHF for at least 3 months. The cause of CHF was primary congestive cardiomyopathy in five patients and coronary heart disease in four patients. Six patients had symptoms consistent with New York Heart Association Class II, and the remaining three patients had symptoms consistent with Class III. Their mean ejection fraction by radionuclide angiography or two-dimensional echocardiography was 20±7% (range, 13-33%), and their average exercise tolerance by upright bicycle ergometry was 90 ± 20 W (range, 50-125 W). At the time of study, all patients were receiving diuretics, four were taking digoxin, three were taking angiotensinconverting enzyme inhibitors, and two were taking other vasodilators. None of the patients had diabetes mellitus or clinical evidence of peripheral vascular disease or myopathy.
The controls were nonconditioned, healthy volunteers with a mean age of 51 ± 10 years (range, 30-65 years).
Exercise Protocol
The exercise routine consisted of repetitive finger flexion pulling a lever with the two distal phalanges at a rate of 40 pulls/min.4 The lever was attached by a two-pulley system to a fixed weight that was lifted a distance of 5 cm with each repetition. All subjects had performed forearm exercise previously with the apparatus used in this study in conjunction with 3'P NMR. In addition to familiarizing the subjects with the procedure and experimental setting, the earlier studies had established a maximum workload for each individual during a protocol that gradually incremented the weight until exercise was limited by fatigue. 4 In this study, after a 256-scan resting 31p NMR spectrum of the flexor digitorum superficialis muscle was obtained, each subject lifted a weight equal to 33% of his own maximum workload for a minimum of 5 minutes or until four consecutive, 32-second 31P NMR spectra showed no change. The spectra from the final 2 minutes were summed and used to characterize steady-state exercise under aerobic conditions at this workload.
After a 30-minute recovery period and after obtaining a second resting spectrum that confirmed a return to baseline, a cuff sphygmomanometer was inflated to 250 mm Hg. Exercise was then performed at the same 33% of maximum workload until the subject could not continue because of discomfort. Serial, 32-second 31P NMR spectra were obtained during exercise under ischemic conditions. The recovery period after cuff release was monitored by six 32-second spectra, followed by seven 64-second spectra. Nuclear Magnetic Resonance Techniques NMR spectroscopy was performed with a 1.89 Tesla, 20- 
Spectral Analysis
The time-averaged free-induction decays were baseline corrected, apodized, subjected to an exponential multiplication yielding a line broadening of 6 Hz, and subjected to Fourier transformation. Quantitative analysis was conducted by previously described methods.3,4'11 The relative concentrations of intracellular PCr, inorganic phosphate (Pi), and the j3-phosphate of adenosine 5'-triphosphate (ATP) were determined by triangulation of their respective peaks, with correction for differential saturation due to the relatively short interpulse delay. The effects of partial saturation were examined by comparing long repetition rate (15 
Exercise Load
Because maximum workload of the patients was considerably lower than that of the controls, the weight (33% of maximum) assigned for these workloads was significantly less in the patients (761 + 120 vs. 1,100± 270 g, p<0.01). cise under ischemic conditions, the rate of fall of the PCr ratio was similar in the two groups. Figure 3 illustrates the calculated values during the 2nd and 3rd minutes of exercise under ischemic conditions for the amount of PCr used, the amount of lactate produced, and the amount of ATP consumed in the two groups. Although the patients tended to use more PCr, the difference was of borderline statistical significance, and the values from the two groups overlapped considerably. However, the patients produced markedly more lactate and, hence, consumed more ATP for each minute of exercise than did the controls. Recovery After Exercise Under
Ischemic Conditions
The rate of oxidative recovery after release of the cuff sphygmomanometer was assessed by the time The most frequent complaint of patients with mild-to-moderate CHF is exercise intolerance. Although dyspnea during exertion is often a prominent symptom, the commonest results during exercise testing are muscle fatigue and exhaustion.'6 Although, intuitively, one might have expected that the degree of impairment of exercise capacity would reflect the severity of the underlying heart disease, the numerous groups investigating this relation have consistently reported poor correlations between most indexes of cardiac function and objective measurements of exercise capacity. 12 This discordance has shifted interest from central hemodynamics to the periphery. Based upon widened arteriovenous oxygen differences and increased venous lactate concentrations, it has long been suspected that inadequate blood flow to skeletal muscle is responsible for exercise limitation in CHF. 17 In fact, this probably provides a conservative estimate of the relative muscle mass in the two groups because factors such as deconditioning, decreased blood flow, and tissue acidosis all tend to decrease exercise capacity on the initial exercise protocol and thus decrease the load for this study. Another artifactual explanation for the metabolic differences between these two groups could be differences in the manner in which they performed the exercise procedure. Intergroup differences in energy expended in isometric work or in the duration of flexion and relaxation could have been present. Additional muscles may have been recruited to accomplish the task. To avoid these differences between groups as much as possible, all subjects performed at least one (and often 2-4) previous exercise runs with the apparatus.
Although the serial measurements of pH and PCr establish the presence of metabolic differences between the patients and controls during exercise under ischemic conditions, the additional calculations provide some insight into the potential mechanisms causing differences. As noted above, these involve several assumptions. Some 
Summary and Clinical Implications
The results of this study confirm our earlier work3,4 and that of workers at the University of Pennsylvania,5,6 which demonstrated increased glycolytic metabolism and decreased oxidative phosphorylation in exercising skeletal muscle in many patients with CHF. In addition, these new results extend earlier observations by indicating that these metabolic changes are not due to reduced blood flow or impaired oxygen delivery alone. Thus, this study suggests that there are intrinsic changes in skeletal muscle energetics that could reflect alterations in fiber composition, recruitment patterns, contractile efficiency, and metabolism.
These results have important clinical implications. Individual differences in the severity of skeletal muscle changes could explain much of the dissociation between symptoms of fatigue and exercise limitation and measurements of cardiac performance in patients with CHF. A failure of these changes to reverse or a delay in improvement could explain why treatments cause immediate hemodynamic improvement but produce a variable or only a gradual benefit in exercise tolerance. Future studies of muscle metabolism in larger numbers of patients will be of great interest.
